Potassium channels play crucial roles in physiology, and one of their more important roles is to repolarize the membrane after an action potential in excitable cells ([@bib33]). During an action potential, Na^+^ channels open first and depolarize the cell membrane, which is followed closely by their inactivation and subsequent opening of K^+^ channels that repolarize the cell membrane by allowing K^+^ to flow out of the cell. If Na^+^ were allowed to move through K^+^ channels, the influx of Na^+^ would compete with the outflow of K^+^, and the sharp membrane repolarization would no longer occur. It is then paramount that K^+^ channels select keenly against Na^+^ ions.

The mechanism by which K^+^ channels select for K^+^ ions against the smaller Na^+^ ions has fascinated scientists for over 50 years. Here is why: K^+^ ions, with an ionic radius of ∼1.33 Å, are able to flow through K^+^ channels at very high rates, close to diffusion limited, as measured with current recordings; on the other hand, Na^+^ ions, with a similar ionic radius of ∼0.95 Å (just ∼0.4 Å smaller), are not able to generate measurable ionic current. In this Perspective, we review the existing hypotheses of thermodynamic and kinetic-based selective permeation through K^+^ channel pores, and discuss recent evidence emerging from channel blocking and simulation studies that may help resolve the uncertainties for this important family of ion channels.

Kinetic and thermodynamic views of K^+^ channel selectivity
===========================================================

Before any structural or even amino acid sequence data were available for K^+^ channels, [@bib10] proposed, based on electrophysiological recordings on squid giant axons, that the binding sites in the selectivity filter are made out of oxygens from the backbone carbonyls of the amino acids, similar to what [@bib31] had proposed for Na^+^ channels. It was put forward that the disposition of these oxygens is such that the sites mimic the arrangement of water dipoles in solution, thus perfectly coordinating a K^+^ ion, but that they may be too far apart to properly coordinate a Na^+^ ion (see also [@bib46], [@bib47]). Despite this statement suggesting a difference in thermodynamic stability of the two ions inside the channel pore, they deduced that selectivity between Na^+^ and K^+^ ions must be given by the difference between the entry rates into the pore, rather than the depths of the wells once inside the pore. This calculation was made with the assumption that the selectivity filter of these channels has just one binding site for ions, which was already known to be an oversimplification ([@bib35]), with ionic selectivity likely being a multistage process ([@bib32]). Thus, the distinction between a thermodynamic and a kinetic mechanism for K^+^ over Na^+^ selectivity ([@bib10]) was not possible at that time, and all models were highly speculative.

Using barium block experiments performed on BK K^+^ channels, [@bib49],[@bib50]) proposed the existence of at least four ion-binding sites with different affinities for different cations in the pores of K^+^ channels. They suggested that the cation selectivity sequence in these channels was strongly correlated with the affinities of these sites for different cations. These experiments, however, provide measures of the thermodynamics of binding to a site located very close to at least one site already occupied by Ba^2+^, and do not offer any information about barrier heights for these ions inside or upon entry into the K^+^ channel pore.

The solution of the crystal structure of KcsA, a prokaryotic K^+^ channel from *Streptomyces lividans* ([@bib20]; [@bib45]; [@bib70]) ([Fig. 1](#fig1){ref-type="fig"}), revealed, close to the prediction by [@bib49],[@bib50]), that the selectivity filter consists of four sites S1--S4 formed by oxygens from the protein backbone carbonyl and side-chain hydroxyl groups, adjacent to an aqueous-like cavity region. Two additional sites were identified in the structure: site S0, located at the extracellular mouth of the selectivity filter, partly hydrated and partly coordinated by carbonyl oxygens from the protein; and site S~ext~, located above S0 (predicted computationally; [@bib8]) further up from the mouth and not directly coordinated by the protein (not depicted and not to be discussed further here). The protein sequence making up the selectivity filter includes the GYG signature sequence for K^+^ channels ([@bib28], [@bib29]). It is evident that all sites in this selectivity filter are not equivalent, yet they share a common cage of tightly packed ligands for the K^+^ ions, which is able to match the bulk water hydration number for K^+^ ions of 5--7 ([@bib48]) and stabilize the nearly completely dehydrated ions.

![Structure of KcsA ([@bib70]) (deposited in the Protein Data Bank under accession no. [1K4C](1K4C)) with only two opposing subunits shown for clarity: the carbonyl oxygens forming the K^+^-binding sites in the selectivity filter (S0--S4) in red and K^+^ ions in purple.](JGP_201010551_RGB_Fig1){#fig1}

This crystallographic evidence for K^+^-binding sites, where the K^+^ ions appear perfectly coordinated by protein-derived ligands, which, according to the authors, could not properly coordinate a Na^+^ ion, appeared entirely consistent with the picture of selectivity depicted by [@bib49],[@bib50]); although, as we discuss below, a "snug-fit" hypothesis may not be the true origin of such a thermodynamic preference within the crystallographic K^+^ sites. As a result, the current view in the field has favored the hypothesis of selective permeation via selective binding, where K^+^ channels prevent Na^+^ from permeating because accommodating a Na^+^ inside the selectivity filter is a thermodynamically unfavorable process.

K^+^ channels with the same GYG signature sequence display different selectivities
==================================================================================

Early attempts to put a value on the selectivity ratio between K^+^ and Na^+^ ions in K^+^ channels were in vain, because there was no measurable current carried by Na^+^ through the K^+^ channels in the squid axon, and most K^+^ channels showed no detectable Na^+^ currents. Estimates of lower limits of K^+^ to Na^+^ permeability ratios have been made for various K^+^ channels by measuring the reversal potentials in mixed ionic or bi-ionic solutions by using the Goldman-Hodgkin-Katz equation ([@bib25]; [@bib34]). A few K^+^ channels have been found in native tissues that were shown to transport Na^+^, mainly in the absence of K^+^ ([@bib71]; [@bib15]; [@bib11]), and with the advent of cloning, several types of K^+^ channels were identified that allow Na^+^ flux, but only in the absence of K^+^ ([@bib41]; [@bib40]; [@bib65], [@bib66]). All of these K^+^ channels display the same conserved canonical GYG signature sequence responsible for high K^+^ selectivity, but they exhibit different degrees of selectivity. This suggests that it is not only the sequence of four carbonyl oxygen cages that determines selectivity in K^+^ channels with the same GYG signature sequence, but also that there are other important factors modulating ion selectivity. For instance, in addition to the subset of K^+^ channels reported to pass Na^+^ ions in the total absence of K^+^, some K^+^ channels become more selective for Na^+^ during C-type inactivation ([@bib59], [@bib60]; [@bib38]), a process believed to involve a change in the conformation of the selectivity filter prohibiting K^+^ permeation ([@bib42]).

Permeant K^+^ ions reside predominantly in the intracellular space, with physiological concentrations of 100--150 mM, and will fill a K^+^ channel pore. Although abundant in the extracellular space (∼150 mM), Na^+^ ions will not permeate and remain excluded from the K^+^-occupied pore (the channel exhibits no known block by extracellular Na^+^ \[[@bib10]; [@bib1]; [@bib69]; [@bib30]\], although for a possible exception, see [@bib11]). Intracellular Na^+^ ions, on the other hand, although present at only low concentrations of 5--10 mM, also cannot pass through a K^+^-occupied selectivity filter, but will reach the relatively nonselective aqueous cavity ([Fig. 1](#fig1){ref-type="fig"}) and block the K^+^ flux with low affinity and fast kinetics ([@bib10]; [@bib24]; [@bib51]). Therefore, the question is, by what mechanism does the K^+^ channel selectivity filter exclude the passage of Na^+^ ions for this physiologically relevant situation in the presence of K^+^ ions? As we shall discuss, block of permeant ions may hold the key to physiological selectivity in K^+^ channels, and it is from this perspective that we focus this paper.

The prevailing view of thermodynamic-based selectivity
======================================================

The snug-fit hypothesis for selectivity suggests that the crystallographically identified K^+^-binding sites made by cages of carbonyl oxygen ligands, apparently of the right dimension for a K^+^ ion, cannot effectively coordinate the smaller Na^+^, rendering Na^+^ binding thermodynamically unfavorable ([@bib10]; [@bib32]; [@bib20]; [@bib70]). Such a simplified picture of size-based selectivity has existed for half a century, since the time [@bib46], [@bib47]) invoked a molecular-sieving mechanism. It is a view that persisted in the following decades (e.g., [@bib32]), and it has become the standard textbook explanation today ([@bib33]; [@bib2]). Such an idea, although attractive because of its simplicity, is inconsistent with the natural flexibility of proteins ([@bib6]; [@bib53]) and does not address the nature of microscopic ion--protein interactions and their consequences for solvation free energy, as addressed by Eisenman and colleagues over this period ([@bib22]; [@bib23]; [@bib68]). Recent descriptions of the origins of a difference in thermodynamic stability in the crystallographic K^+^ sites have invoked interactions among fluctuating ligand dipoles that form the binding sites ([@bib53]; [@bib52]), as well as the preferences of K^+^ and Na^+^ ions for particular coordination numbers/topologies ([@bib12]; [@bib61]; [@bib64]).

Molecular dynamics (MD) simulations of the KcsA channel have determined that there is selective binding for K^+^ over Na^+^ in the four S sites inside the filter, by up to ∼5 kcal/mol ([@bib5]; [@bib7]; [@bib44]; [@bib53]). It is this thermodynamic preference for K^+^ in the central S1--S3 (and in particular S2) crystallographic cage sites that has provided an apparent microscopic basis for validating a thermodynamic theory for K^+^ channel size selectivity. However, simulation studies ([@bib58]; [@bib14]; [@bib13]; [@bib37]) and experiments ([@bib62]) have suggested the possibility that the selectivity filter consists not only of the crystallographic K^+^ (S0--S4) binding sites but also sites that are selective for Na^+^. Such findings illustrate the need for caution when trying to infer the mechanisms of selective permeation from the energetics within individual K^+^-only binding sites, as we shall now discuss. In particular, channel blocking studies, seeking to identify the mechanism of internal block of the KcsA channel, have led to new insights into how the K^+^ channel selectivity filter operates.

Insights from experimental blocking and computational studies
=============================================================

Using KcsA as a model K^+^ channel, the interaction of the small cations Na^+^, as well as Li^+^ (as a sensitive probe for size-based channel blocking), in the presence of permeant K^+^ ions has recently been explored ([@bib62]). KcsA is known to be blocked by Na^+^ from the intracellular side during (physiological) outward flux, providing an experimentally and computationally observable phenomenon that can shed light on K^+^ channel selectivity ([@bib51]; [@bib62]). Electrophysiology (planar lipid bilayers), MD free energy calculations, and x-ray crystallography have been combined to probe the elusive selectivity property with some consistent observations.

It has been proposed that both Na^+^ and Li^+^ have at least one binding site within the selectivity filter, distinct from the crystallographic K^+^ S sites. This site, termed the B site, is positioned between S3 and S4, in-plane with the Thr75 carbonyl oxygen atoms ([Figs. 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}, discussed below). The evidence for this site was the presence of a free energy minimum for both Na^+^ and Li^+^ at that position and a strong thermodynamic preference for both of those ions over the K^+^ ion in simulation studies; a crystal structure fully consistent with the presence of a Li^+^ ion in that exact planar site; and functional data consistent with these ions blocking the K^+^ current in the selectivity filter with a long dwell-time, in addition to the low affinity block exerted in the aqueous cavity ([@bib62]).

As a Na^+^ or Li^+^ ion approaches the KcsA pore from the intracellular solution, it enters the cavity where it binds with low affinity and fast kinetics, attenuating the K^+^ current by preventing permeant K^+^ ions from passing. The K^+^ current becomes increasingly more attenuated as the voltage is made more positive, indicating that because the binding site for Na^+^/Li^+^ is located in the membrane electric field, the occupancy of the cavity by Na^+^ or Li^+^ increases with voltage, and because these small monovalent cations do not permeate through the selectivity filter, they occlude the permeation pathway ([Fig. 2, A and B](#fig2){ref-type="fig"}). That being said, if the voltage is increased above a certain value, the K^+^ current begins to increase again, suggesting that the Na^+^ ion is relieving block by exiting through the selectivity filter toward the extracellular milieu, rather than back toward the intracellular solution from where it came; this phenomenon is called "punchthrough" ([Fig. 2, A and B](#fig2){ref-type="fig"}) ([@bib51]). At similarly high voltages, in the punchthrough regimen, another effect of Na^+^ and Li^+^ becomes apparent: a decrease in the channel burst duration, as if Na^+^ and Li^+^ are forcefully pushed out of the cavity and into the selectivity filter by the high driving force generated by the voltage ([Fig. 2, A and C](#fig2){ref-type="fig"}). It was proposed that Na^+^ (or Li^+^) resides at this selectivity filter site for a long time, further blocking the K^+^ current but with different, much slower kinetics than the fast block in the cavity ([@bib62]). This block with slow kinetics is consistent with Na^+^/Li^+^ binding in a deep well at the selectivity filter (the B site), as identified with MD simulations ([Fig. 3](#fig3){ref-type="fig"}; discussed below).

![Na^+^ blocks K^+^ current through KcsA with fast and slow kinetics. (A) Single-channel current recordings adapted from [@bib62], illustrating the decrease in K^+^ current amplitude and the decrease in burst durations in the presence of intracellular Na^+^. (B) I-V curves from [@bib51], showing the effect of Na^+^ on the K^+^ single-channel current amplitude (red). Control data (black) and ideal [@bib67] block (dashed line). (C) Mean burst durations decrease with increasing Na^+^ and voltage. Adapted from [@bib62].](JGP_201010551_RGB_Fig2){#fig2}

![Selectivity filter sites suggested by MD simulations ([@bib37]). On the right is a hypothetical free energy profile where K^+^ and Na^+^ would have similar thermodynamic stabilities. Precise heights of the barriers are arbitrary in this cartoon.](JGP_201010551_RGB_Fig3){#fig3}

Another line of evidence that small monovalent cations can bind in the selectivity filter comes from crystals of KcsA channels grown in Li^+^ solutions. If Li^+^ and Na^+^ bind at the proposed B site ([Fig. 4](#fig4){ref-type="fig"}), electron densities for these ions should theoretically be observed at this site. Unfortunately, Li^+^ has only two electrons and it would not be seen, even at the highest resolution used today (2.0 Å; [@bib70]). It is equally difficult to identify Na^+^ densities but for a different reason: Na^+^, like water, has 10 electrons, so that their electron densities would be indistinguishable in an x-ray diffraction experiment. In spite of these issues, a specific location was proposed for the Li^+^-binding site in the selectivity filter based on coordinating ligands (two water oxygens and four carbonyl oxygens from the Thr75 backbone; [Fig. 4](#fig4){ref-type="fig"}, inset) and the capability of Li^+^ binding at this site to rescue the filter from the collapsed conformation adopted in the absence of K^+^ ([@bib62]). To this end, the KcsA selectivity filter structure in Li^+^ was surprisingly informative, especially after comparisons with the crystal structures of the filter in K^+^ and the one in Na^+^ ([Fig. 4](#fig4){ref-type="fig"}). Upon removal of K^+^ from the channel and replacement with Na^+^, the selectivity filter changes its conformation by drastically altering most of the K^+^-binding sites and assuming a collapsed, proposed inactive, state ([Fig. 4 B](#fig4){ref-type="fig"}). The densities found in the selectivity filter in the presence of Na^+^ are consistent with a mixed state where both water and Na^+^ reside in the pore ([Fig. 4 B](#fig4){ref-type="fig"}), and although it is impossible to tell at this resolution between water and Na^+^, there is density at the proposed B site, consistent with Na^+^ binding at this location (the densities in [Fig. 4 B](#fig4){ref-type="fig"} were assigned as water or Na^+^ by the authors \[[@bib43]\], partly based on coordinating ligands and the composition of the crystallization conditions). Unlike with Na^+^, removing K^+^ from KcsA and replacing it with Li^+^ surprisingly does not lead to the collapsed selectivity filter state, despite the fact that all K^+^ has been removed. In Li^+^, the selectivity filter is still in the so-called "conductive" conformation, where the K^+^-binding sites maintain their cage-like architecture ([Fig. 4](#fig4){ref-type="fig"}, compare A with C). It was concluded that Li^+^ serendipitously keeps the filter from collapsing by binding inside the selectivity filter at the B-site location ([Fig. 4](#fig4){ref-type="fig"}, C and inset), consistent with the strong binding free energies seen computationally at this site([@bib62]). Why would Li^+^ succeed in maintaining a conductive filter conformation while Na^+^ causes its collapse? Perhaps the tighter binding of Li^+^ to carbonyl oxygen ligands leads to a strong inward force on the filter backbone, in addition to the presence of two tightly bound water molecules in the S4 and S3 sites that further stabilize the filter carbonyls in an inward orientation ([Fig. 4](#fig4){ref-type="fig"}, C and inset). Thus, the use of Li^+^ as a probe in this case, despite the impossibility of finding electron density for it in this experiment, was particularly useful in ascertaining its binding in the selectivity filter.

![KcsA selectivity filter conformations from x-ray crystallography experiments in the following conditions: (A) high K^+^ ([@bib70]) (deposited in the Protein Data Bank under accession no. [1K4C](1K4C)); (B) high Na^+^ and no K^+^ ([@bib70]) (Protein Data Bank accession no. [2ITC](2ITC)); (C) high Li^+^ and no K^+^ ([@bib62]) (Protein Data Bank accession no. [3GB7](3GB7)). (Inset) An increased representation of the S3 and S4 sites at the bottom of the selectivity filter where Li^+^ is proposed to bind, with the coordination distances indicated. Purple, K^+^ ions; red, waters; blue, Na^+^ ions; green, Li^+^ ions.](JGP_201010551_RGB_Fig4){#fig4}

Although the experimental blocking studies focused on the movement of ions into the intracellular cavity and the bottom of the selectivity filter, the presence of a planar Na^+^/Li^+^-selective binding site adjacent to the S3 and S4 crystallographic K^+^ cage sites leads to the hypothesis that Na^+^/Li^+^-selective plane sites may exist between all of the crystallographic K^+^ sites in the selectivity filter. Recent simulation studies ([@bib37]), which reveal the detailed free energy profiles of ions across individual sites in the selectivity filter, have suggested that each crystallographic K^+^ site is adjacent to a site selective for Na^+^. It has been proposed that the most selective site, S2 (e.g., [@bib5]; [@bib53]; although it has also been suggested to be S1; [@bib44]), actually consists of a crystallographic K^+^-binding site in a cage of eight carbonyl ligands and two adjacent planar Na^+^ sites made up of just four carbonyl groups (as well as water molecules above and below the ion). The cage site is selective for K^+^ over Na^+^ by ∼5 kcal/mol, whereas each planar site is selective for Na^+^ over K^+^ by ∼3 kcal/mol, in a similar fashion to the S4 and B site at the base of the filter. One may then ask why only one Na^+^- or Li^+^-binding site was suggested by the crystal structures ([Fig. 4](#fig4){ref-type="fig"}; at least for the conducting conformation presumed for Li^+^), when MD simulations suggest multiple such sites. In the future we shall explore this question, including the possibility that the S3--S4 planar site is lower in free energy and is thus more prominent ([@bib37]).

The cartoon in [Fig. 3](#fig3){ref-type="fig"} shows a hypothesis of the free energy landscapes, with that for Na^+^ "phase-shifted" by one half binding--site separation distance. A recent free energy profile for Na^+^ entering from outside the channel partly supports this basic picture ([@bib21]). Although it is a crude representation of the free energy profiles faced by K^+^ and Na^+^, and some variation in energy must be permitted (e.g., allowing for the possibility of Na^+^ still having an elevated energy relative to K^+^, as drawn here), the cartoon highlights a very different view of the K^+^ selectivity filter. It leads us to a view that is less centered on the thermodynamic stability of K^+^ and Na^+^ bound in the filter. If this is the case, one must also take into consideration the kinetic description, where Na^+^ might face a greater barrier for channel (or selectivity filter) entry. The question then must be asked: what is this barrier?

Possible "kinetic"-based selectivity
====================================

If the binding of Na^+^ inside the filter were to be not thermodynamically unfavorable, where would the selection against Na^+^ ions originate? Evidence for this barrier can come from blocking studies, which directly examine the entry of ions into the filter, at least for the case of Na^+^ rejection in the presence of permeant K^+^ ions. To understand this barrier, one has to recall the mechanism by which K^+^ ions alone permeate this channel with such efficiency. K^+^ ions follow a multi-ion permeation pathway, entailing a knock-on of ions that is almost barrier-less (of the order of a kcal/mol). This was originally proposed over half a century ago by [@bib35], based on isotope flux coupling, and was illustrated well by Brownian dynamics simulations that revealed the principle of balancing electrostatic attraction of ions to the protein and repulsion between multiple ions ([@bib4]; [@bib17]; [@bib3]; [@bib9]), as well as by atomistic simulations ([@bib8]), that uncovered small barriers separating the low free energy configurations S0/S2/S4 and S1/S3/cavity, enabling rapid flow of ions. The low barrier to this knock-on, of only up to 2 kcal/mol (see [Fig. 5](#fig5){ref-type="fig"}, left, upper path), owes itself to the existence of a low-lying intermediate state for conduction, namely the ability of a K^+^ ion to bind, partially hydrated, to S4 while K ions are residing in S1 and S3. It is the binding of this third ion in close proximity to the other two that promotes the knock-on by Coulomb repulsion. But can this occur when Na^+^/Li^+^ are introduced into the mix?

![Origin of the multi-ion barrier for Na^+^ outward permeation in the presence of K^+^ ions. See text for description. Based on [@bib62].](JGP_201010551_RGB_Fig5){#fig5}

It has been shown that, for intracellular Na^+^ to bind at its binding site between the crystallographic S3 and S4 K^+^ sites (i.e., the B site), it must follow a different pathway and suffer additional energy costs. The shift of Na^+^'s binding site upward (by one half of a crystallographic site), eliminated the aforementioned intermediate state for conduction, simply because that site would correspond to overlapping Na^+^ (in the S3/S4 B site) and K^+^ (in the S3 site) ions (see [Fig. 5](#fig5){ref-type="fig"} right, upper path). For a conduction event to occur, the two consecutive sites, S3 and S4, must be devoid of K^+^ ions. It was determined that the outward movement of K^+^ ions to free up these sites is associated with a substantial free energy barrier (of at least 4 kcal/mol). Thus, the shift of the ion-binding site by just ∼1 Å (from a cage to an adjacent plane of ligands) has eliminated the high conduction pathway for the K^+^ channel, effectively excluding Na^+^ ions from passing the channel in the presence of K^+^ ions.

The Na^+^ ions therefore have affinity for the selectivity filter, but they have trouble rearranging the permeant ions to reach their different binding sites (deeper inside the filter). We suggest that the height of this K^+^-induced energy barrier may underlie selectivity against small intracellular monovalent cations, at least for the case of outward flux in the presence of permeant K^+^ ions. This suggestion for the initial rejection step against intracellular Na^+^ from the selectivity filter of K^+^ channels is consistent with the requirement for very large driving forces to push the Na^+^/Li^+^ from the cavity (where they block with fast kinetics) into the selectivity filter (where they block with slow kinetics) ([Fig. 2](#fig2){ref-type="fig"}). It is also consistent with the original hypothesis of [@bib10], who suggested that it is the rates of entry into the selectivity filter that determine the selectivity between K^+^ and Na^+^, despite emerging from a simpler description of the permeation process.

The future: experimental and computational tools for revealing selectivity
==========================================================================

These recent blocking studies have unveiled a more complex picture of selectivity on K^+^ channels, where Na^+^ ions may not be simply rejected because of an elevated free energy in crystallographic K^+^ sites. What has been shown is that even a K^+^ channel selectivity filter is made up of both K^+^- and Na^+^-binding sites, and discrimination, at least for the case of outward flux of Na^+^ in the presence of permeant K^+^ ions, emerges from a multi-ion conduction mechanism that has not been optimized for K^+^--Na^+^ mixtures.

Obviously, the complete story of selectivity must be able to explain lack of permeability of Na^+^ ions from the outside of the cell (where Na^+^ is abundant). Work is underway to address the case of rejection of external Na^+^ ions using a combination of electrophysiology and free energy simulations. K^+^ channels must effectively exclude abundant Na^+^ ions on the outside of the cell membrane. Extracellular Na^+^ ions are not observed to block KcsA (and other K^+^ channels; [@bib10]; [@bib69]; [@bib30]) with fast kinetics, possibly because of the absence of a cavity at the extracellular channel mouth ([@bib20]). We are looking into the possibility of slow block of KcsA at a high concentration of external Na^+^ and high negative membrane potentials, which could indicate that Na^+^ may actually enter and bind inside the filter, provided a large barrier is overcome by sufficient driving voltage. MD simulations can reveal the energetics leading to selective permeation and provide an atomic-level basis for interpreting experimental observations. In the case of a long multi-ion pore, such as the K^+^ channel, one must compute multi-ion free energy surfaces, using multidimensional umbrella sampling ([@bib62]), for example, as has been useful in revealing the possible barriers preventing Na^+^ conduction in the presence of K^+^ ions ([@bib21]; [@bib62]).

These studies have revealed an interruption of near barrier-less permeation when blocking ions, such as Na^+^, bind to change the multi-ion permeation mechanism inside the K^+^ channel pore. But what would happen in the case when only Na^+^ is present? If the lack of Na^+^ permeation in the presence of K^+^ is a result of large barriers created by the mismatch of ion binding sites for K^+^ and Na^+^ inside the selectivity filter, one would predict that when only Na^+^ is present, there could be measurable Na^+^ flux with a magnitude dictated by a different multi-ion mechanism, which may vary from K^+^ channel to K^+^ channel. This may be implied by the wide variability of K^+^ conductances for different K^+^ channel types that display the same GYG signature sequence. Some K^+^ channels allow measurable Na^+^ flux in the absence of K^+^ (Kv3 \[[@bib66]\], Kv2.1 \[[@bib41]\], Kv1.5 \[[@bib41]; [@bib65]\], chimeras and mutants of voltage-gated K^+^ channels \[[@bib39]; [@bib54]\], mutants of inward rectifier K^+^ channels \[[@bib19]\], and KcsA mutants \[[@bib63]\]), and at the same time maintain high K^+^ selectivity in the presence of K^+^, whereas others do not allow Na^+^ currents and even become defunct in the absence of K^+^ ([@bib55]; [@bib27]; [@bib26]; [@bib36]). Furthermore, during C-type inactivation, the selectivity filter dynamically changes its selectivity properties ([@bib59]), and changes in inactivation properties in mutants are strongly correlated to changes in selectivity ([@bib60]; [@bib19]; [@bib56], [@bib57]). All of these observations argue toward the existence of several modulators of selectivity in K^+^ channels, in addition to the intrinsic properties of the binding sites, which are all made from the same primary sequence, GYG, and according to the same architectural principle.

One possibility, investigated by [@bib64], is that the dielectric constant surrounding the filter modulates selectivity by tuning ion coordination. Another possibility is that these variable residues lead to interactions behind the selectivity filter that may prevent or favor certain filter conformations, which can yield channels with different selectivities. Indeed, we recently found that a noninactivating KcsA variant, where a hydrogen bond behind the selectivity filter was disrupted through mutation of a glutamate (E71) to an alanine, displayed increased permeability to Na^+^ ([@bib16]). A crystal structure of this mutant showed that in the absence of K^+^, and in the presence of Na^+^, the selectivity filter of this channel no longer collapses like the wild-type channel ([@bib70]) but maintains a presumably conductive conformation, encountered also in the presence of K^+^ ([@bib18]). Thus, we hypothesized that there are multiple layers of selectivity in K^+^ channels where the first layer, the selectivity provided by the succession of carbonyl oxygen cages from the GYG signature sequence, can be modulated by factors such as modified interactions with the variable sequence behind the filter or excursions to a different filter conformation (such as the collapsed conformation; [@bib70]).

Conclusion
==========

Recent studies have revealed the surprising ability for a K^+^ channel selectivity filter to accommodate both K^+^ and Na^+^ ions, challenging the prevailing view of thermodynamically driven selectivity. They have also provided a rationale for Na^+^ exclusion that may be consistent with a kinetic model of selectivity. Such studies, from the perspective of channel blocking, have provided interesting new views of the selection process and have raised new questions, but they have not yet provided all of the answers. They do, however, help us begin to think about the process of channel selectivity in a way that is not restricted to simple arguments about thermodynamic stability in crystallographic K^+^ sites alone. What is needed is a concerted effort between experimental structure and functional studies and all-atom simulations that can elucidate the underpinning thermodynamic and kinetic mechanisms underlying selectivity phenomena.
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